A Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) method has been adapted and validated for the simultaneous determination of priority (16 PAHs, 12 PCBs and 7 organochlorine pesticides (OCPs)) and emerging (carbamazepine, 9 musks and 6 sunscreens) pollutants in sediments by Gas Chromatography-Mass Spectrometry (GC-MS). The sample preparation was adapted by modifying the nature of the extraction solvent and optimising clean-up and evaporation steps. The method was validated by the analysis of spiked estuarine and marine sediments. Analytical performances were evaluated in terms of linearity, accuracy, precision and detection limits. The method shows good linearity (coefficients of determination > 0.998) and repeatability (RSD < 10%). Obtained recoveries are acceptable, ranging from 62% to 131% for all the compounds. Detection limits are estimated to range from 0.01 ng/g to 3.18 ng/g. This developed method offers the ability to detect and quantify several priority and emerging pollutants at low concentration levels in sediments.
Introduction
Organic substances discharged into the environment are subjected to a partition between dissolved and suspended solid phases. Sediments represent the integration of biological, physical and chemical processes that occur in an aquatic ecosystem. Sediments may differ in form and composition and are considered to be pollutant accumulation compartments from the water column. The determination of organic contaminants in sediment samples is very complex including an extraction and a purification step before analysis. Proper sample preparation procedures are required to achieve optimum analytical results and to provide rapid, robust and sensitive analytical procedures. The main critical step in the analytical procedure for sediment analysis is the extraction which needs suitable solvent and extraction technique to obtain acceptable recoveries for the compounds of interest. Many extraction techniques used for the analysis of organic compounds have been developed. Traditionally, the standard technique was the Soxhlet extraction with non-polar solvents [1] . Soxhlet Supplementary data for this article can be accessed here.
extraction presents several drawbacks such as long extraction time and large volume of solvent, so alternative extraction techniques were developed like microwave-assisted extraction [2] [3] [4] [5] [6] and ultrasonic-assisted extraction [7, 8] . Moreover, the extraction step is generally followed by a clean-up step to remove any interfering substances, which involves a time consuming step commonly performed by solid phase extraction (SPE). All these methods have been used extensively for the analysis of several environmental matrices such as soils, sediments and biological tissues but they are not always suitable for routine applications. A novel approach called Quick, Easy, Cheap, Effective, Rugged and Safe (QuEChERS) combining an extraction and a clean-up step was developed by Anastassiades et al. in 2003 [9] . QuEChERS method involves an extraction step with acetonitrile partitioned from the aqueous matrix using anhydrous MgSO 4 and NaCl followed by a dispersive-SPE clean-up step with MgSO 4 and primary secondary amine (PSA). Sample handling requirements of such methods are friendlier and the time required to accomplish an extraction/clean-up is significantly shorter. It provides effective recoveries with simple analytical steps, low solvent consumption, could be applied to any kind of solid matrices (mineral or organic) and is appropriate to very volatile compounds [10] . This very effective method has been further optimised, by including buffers during sample extraction to improve analytes stability and extract quality, and by using various d-SPE sorbents (graphitised carbon black (GCB), Z-Sep) [11] to improve sample clean-up. European Committee for Standardization (CEN) Method 15662 [12] and AOAC Official Method 2007.01 [13] are currently the standard sample preparation procedures for pesticide analysis in fruits and vegetables [14] [15] [16] [17] [18] . As a result of its inherent advantages, the method quickly expanded to the extraction of different groups of compounds from environmental, agro-food and bioanalytical matrices [19, 20] .
A QuEChERS method was successfully applied for determining PAHs [21] and PCBs [22] in fish, and pharmaceuticals and hormones in sewage sludge [23] and soil [24] . A QuEChERS method was also validated for trihalomethanes (chloroform, bromodichloromethane, dibromochloromethane and bromoform) and BTEX (benzene, toluene, ethylbenzene and xylenes) in soil samples [9] . Recently, QuEChERS method was applied to the simultaneous determination of PAHs, PCBs and organochlorine pesticides [25] and to the analysis of musk compounds in sediments [26] . The objective of the present study was the adaptation and the validation of QuEChERS method for the simultaneous determination of priority (PAHs, PCBs and OCPs) and emerging (carbamazepine, synthetic musks and sunscreens) pollutants in sediment samples by GC-MS, in order to provide a routine method for the evaluation of the environmental quality of aquatic ecosystems. Different solvents or solvent mixtures were tested, clean-up and evaporation steps were optimised, and analytical performances of the optimal procedure were evaluated.
Experimental

Reagents and materials
'PAH Calibration Mix' (analytical standard, 10 μg/mL each component in acetonitrile) containing the 16 priority PAHs classified as priority pollutants by the United States Environmental Protection Agency (USEPA) due to their toxic, mutagenic and carcinogenic characteristics [27] 1) ), containing 4,4′-DDE, 4,4′-DDD, dieldrin, α-endosulfan, β-endosulfan, endrin, heptachlor epoxide, and an internal standard atrazine-d5 were also purchased from Sigma Aldrich. All standard working solutions were prepared in acetonitrile and stored at −20°C. Musk moskene (MM) solution (100 ng/µL in acetonitrile), galaxolide (HHCB), carbamazepine, oxybenzone (benzophenone 3), 3-(4-methylbenzylidene)camphor (4-MBC), 2-ethylhexyl 4-methoxycinnamate (EHMC), octocrylene (OC), padimate O (OD-PABA), 3-benzylidenecamphor (3-BC) and internal standard carbamazepine-d10 (100 ng/µL in methanol) were purchased from Sigma-Aldrich. Musk ambrette (MA), phantolide (AHMI), tonalide (AHTN), celestolide (ADBI), traseolide (ATII), Musk ketone (MK), Musk xylene (MX) and internal standard Musk xylene-d15 (MX-d15) (100 ng/µL in acetone) were purchased from LGC Standards (Molsheim, France). All standard stock and working solutions were prepared in 2-propanol and stored at −20°C.
Organic solvents (hexane, 2-propanol, acetonitrile, toluene and ethyl acetate) were of analytical grade and supplied by Sigma Aldrich. Acetone (laboratory reagent, 99.5%) was used for cleaning all the glassware and was supplied by Fisher (Hampton, USA). Ultrapure water was obtained with a PURELAB Classic water purification system from Veolia (Paris, France).
QuEChERS extraction tubes containing the citrate buffer salt mixture 4 g of magnesium sulfate, 1 g of sodium chloride, 0.5 g of disodium citrate sesquihydrate and 1 g of sodium citrate (EN method), and dispersive SPE tubes containing 1200 mg of magnesium sulfate, 400 mg of PSA and 400 mg of C18EC (AOAC method) were supplied by Agilent Technologies (Les Ulis, France).
Total and organic carbon were analysed by infrared spectroscopy via high temperature combustion on a Shimadzu ® TOC-LCSH/CSN/SSM-5000A analyser. Particulate organic carbon was measured after removal of carbonates with 1.2N HCl from 200 mg of powdered sample.
Cleaning procedure
All glassware was carefully cleaned before use by soaking into acetone and placing it for 25 min in an ultrasonic bath. Non-volumetric glassware was further heated at 450°C for 4 h in a B180 muffle furnace from Nabertherm (Bremen, Germany) and then stored covered with aluminum sheets.
Samples collection and pretreatment
Sediment samples were collected in the Adour estuary (France) and in the Capbreton submarine canyon (France) at 100 m depth using a Shipek grab sampler. Sediments samples were freeze dried with a VaCo2 lyophilizer (Zirbus, Bad Grund, Germany), homogenised using an agate mortar and stored at −20°C prior to extraction and analysis.
Modified QuEChERS extraction procedure
QuEChERS methods previously validated by Ben Salem et al. [25] for the analysis of PAHs, PCBs and OCPs and by Necibi et al [26] for the analysis of musks in surface sediments were adapted and validated for the simultaneous analysis of PAHs, PCBs, OCPs, carbamazepine, musks and sunscreens ( Figure 1 ). An aliquot of 2 g of freeze-dried sediment was weighed into a 50 mL polypropylene tube. Internal standards (naphthalene-d8, acenaphthene-d10, perylene-d12, atrazine-d5, carbamazepine-d10 and MX-d15) were added at a concentration of 100 ng/g each, 4 mL of ultrapure water was added and the tube was manually shaken. 10 mL of extraction solvent (EtOAc/toluene (75/25 v/v)) were added and the tube was shaken by vortex for 1 min. Afterwards, the citrate buffer salt mixture was added and the tube was shaken by vortex for 1 min. The tube was then centrifuged for 5 min at 4,000 rpm and the supernatant was transferred into a 15 mL polypropylene tube which already contained the clean-up sorbent mixture 1200 mg of MgSO 4 , 400 mg PSA and 400 mg of C18EC. The tube was shaken by vortex for 1 min and centrifuged for 5 min at 4,000 rpm. Extracts were then placed in 10 mL glass centrifuge tubes and dried to approximately 1 mL under a gentle air stream (controlled by comparison with the level of a control tube containing 1 mL) using a TurboVap LV Evaporator system (Zymark, Hopkinton, USA). Finally, extracts were vortexed, transferred into GC vials and kept at −20°C until analysis. As 2 g of sediment were weighted and extracted into a final volume of 1 mL, the concentration factor of this method is two. 
LVI-PTV-GC-MS analysis
Chromatographic analyses were performed in Large Volume Injection (LVI) using a 7890A gas chromatograph (GC) equipped with a Programmed Temperature Vaporisation (PTV) inlet, coupled to an inert 5975C mass spectrometer with an Electron Ionisation (EI) source (Agilent Technologies). The GC-MS system was equipped with a single taper ultra-inert liner with glass wool and a HP-5MS UI capillary column (30 m length × 0.25 mm diameter and 0.25 µm film thickness). Carrier gas was helium (He) with a purity greater than 99.999% (Linde).
In order to analyse PAHs, PCBs and OCPs, 20 µL were injected at a rate of 8 µL/min and the cryo-focusing temperature was set at 50°C for 2.58 min with a vent pressure of 5 psi and a vent flow of 100 mL/min. Then, the splitless mode ran for 2.5 min, and the injector temperature rose at 600°C/min to 325°C and held for 25 min. Separation was performed at a constant He flow of 1.5 mL/min, and the GC oven temperature was programmed to hold at 50°C for 3 min, then increase at 25°C/min until 195°C (hold 1.5 min), then 8°C/min until 265°C (hold 1 min) and 20°C/min until 310°C (hold 5 min).
In order to analyse carbamazepine, musks and sunscreens, 50 µL were injected at a rate of 360 µL/min and the cryo-focusing temperature was set at 50°C for 4 min with a vent pressure of 4.35 psi and a vent flow of 75 mL/min. Then, the splitless mode ran for 1.5 min, and the injector temperature rose at 720°C/min to 300°C and held for 29 min. Separation was performed at a constant He flow of 1.3 mL/min, and the GC oven temperature was programmed to hold at 60°C for 4 min, increase at 30°C/min until 190°C, then 5°C/min until 290°C and hold for 5 min.
MS interface temperature was maintained at 310°C. Ion source temperature and quadrupole temperature were kept at 230 and 150°C respectively.
Instrument control, data acquisition and data treatment were performed using Agilent Chemstation software. Quantification was carried out in Selected Ion Monitoring (SIM) mode, selecting two characteristics fragments ions for each compounds.
Internal standards, retention times and ions monitored for each compounds are summarised in Table 1 .
Results and discussion
As the QuEChERS extraction was initially developed for the determination of pesticides in fruits and vegetables [9] , the normalised protocol may need some adjustments in order to be applied to the analysis of PAHs, PCBs, OCPs, carbamazepine, musks and sunscreens in sediments. Therefore, several variables were tested and optimised, such as the nature of the extraction solvent, the efficiency of the clean-up step, the evaporation step and the filtration of the final extract. the determination of the most efficient extraction solvent. A lyophilised sediment sampled in the Adour estuary was spiked with 50 ng/g of all target compounds and the QuEChERS procedure was carried out. Areas were compared and are presented in Figure 2 and Table 1 supplementary material. Results indicate that for musks and sunscreens, the highest areas were obtained with EtOAc/hexane (25/75 v/v). Unfortunately, the use of this solvent led to very low responses for higher molecular weight PAHs. The presence of toluene was beneficial for the extraction of Pesticides. EtOAc/hexane (75/25 v/v) and EtOAc/hexane (50/50 v/v) provided good PCBs extraction.
Also, bad chromatographic resolution and poor peak shape were observed when toluene wad added higher than 25%.
Two extraction solvents (EtOAc/toluene (75/25 v/v) and EtOAc/hexane (50/50 v/v)) were the most efficient for this method. Recoveries tests were carried out in order to determine which one will be definitively chosen.
Clean-up
When analysing sediment matrices, unexpected organic compounds can be co-extracted and might affect chromatographic performances. Their removal prior to the final determination step is essential. In the conventional QuEChERS method, MgSO 4 is usually employed to reduce the residual water in the extract, while other d-SPE sorbents are used to retain the matrix co-extracts. Primary and secondary amine sorbents (PSA) can remove various polar matrix components, such as organic acids and sugars in fruit and vegetable extracts. C18 is used to remove long chain fatty compounds and other non-polar interferences.
Two different materials, that is to say d-SPE set containing 900 mg MgSO 4 , 150 mg PSA and d-SPE set containing 1200 mg MgSO 4 , 400 mg PSA and 400 mg C18 were evaluated. The combination of PSA and C18 had better matrix removal performances in this kind of matrix by leading to lower GC/MS background noise (data not shown). d-SPE set containing 1200 mg MgSO 4 , 400 mg PSA and 400 mg C18 was selected as the optimal purification material.
Evaporation
Evaporation stage could be a critical step, especially for lightest PAHs which are really volatile and may be degraded [28] . In order to investigate this finding, 10 mL of a solution containing all internal standards in ethyl acetate was evaporated to dryness under a gentle air stream and the residue was reconstituted in 1 mL of ethyl acetate. Areas of target molecules were compared to areas obtained for a non-evaporated solution ( Figure 3 and Table 2 supplementary material). As expected, naphthalene-d8 and acenaphthene-d10 which are part of the most volatile PAHs showed a dramatically disappearance (around 100%) when evaporated to dryness. In order to avoid these losses, the same kind of evaporation was tested again, but evaporation was stopped when approximately 1 mL of solution remained on the tube. A major improvement was noticed for naphthalene-d8 and acenaphthene-d10, for which responses after evaporation now represent 75% of the non-evaporated solution responses. Evaporation technique seemed not to have an impact on the four others internal standards. Evaporation to 1 mL was therefore chosen as a gentle evaporation method in order to concentrate while preserving molecules as much as possible.
In order to remove particles from the extract, filtration with 0.22 µm nylon and polytetrafluoroethylene (PTFE) syringe filters was tested but it appears that carbamazepine and its internal standard carbamazepine-d10 were completely retained by both types of filters (data not shown). Final extracts are then vortexed, transferred into GC vials and kept at −20°C until analysis.
Quantification and quality control
The internal standard method was used to quantify the concentration of target compounds. A calibration curve was performed in 6 mL of EtOAc/toluene (75/25 v/v) spiked with increasing pollutants concentrations levels ranging from 0 to 1,000 µg/L as well as internal standards at 200 µg/L. In order to take in account losses during evaporation stage, standards were also evaporated to approximately 1 mL under a gentle air stream, vortexed and transferred into GC vials. All analyses were subjected to quality control procedures. For each group of samples, solvent blanks (EtOAc), procedural blanks and matrix spike (50 ng/g) were prepared and run in the sequence to check carryover and system performances.
Method validation
3.2.1. Sediments characterisation Total Carbon (TC) and Particulate Organic Carbon (POC) were measured in two different matrices: estuarine sediment (TC = 2.2%, POC = 1.9%), and marine sediment (TC = 1.3%, POC = 0.5%).
Matrix effects evaluation
Matrix effects that can cause enhancement or suppression of analytical signals are frequently observed in the chemical analysis field [29, 30] . This phenomenon is due to matrix compounds that are eluted with the same retention time as the target compounds. Matrix effects depend on the nature of the matrix and the efficiency of the sample preparation step. Therefore, the sample preparation step should eliminate interfering compounds while retaining the target analytes. To thoroughly study this phenomenon, solvent, estuarine and marine sediments were spiked by adding 50 ng/g of the target compounds and the optimised QuEChERS procedure using EtOAc/toluene (75/25 v/v) was carried out.
Matrix effects (ME, %) were calculated according to:
where A(matrix) is the area in the spiked matrix, A(blank) is the area in the non-spiked matrix and A(solvent) is area in the spiked solvent. Results are shown in Table 2 for all the target analytes. These matrix effect results showed variability among the evaluated compounds and also among the different types of sediments. As expected, signal suppression has been observed to be higher in the estuarine sediment (matrix with the highest organic matter content) than in the marine sediment. Matrix effects values ranged from −77% to + 28% in the estuarine sediment, while values ranged from −52% to + 49% in the marine sediment. The addition of deuterated internal standards is therefore mandatory to correct matrix effects.
Recoveries
The marine sediment was spiked at 50 ng/g with a mixed solution of all the compounds and internal standards were added. The QuEChERS procedure was carried out with both solvents previously chosen to be the more efficient (EtOAc/toluene (75/25 v/v) and EtOAc/hexane (50/50 v/v)).
Two calibration curves were performed in EtOAc/toluene (75/25 v/v) and in EtOAc/ hexane (50/50 v/v). Each extract was quantified using its own calibration done with the appropriate solvent.
Recoveries (R, %) illustrated in Figure 4 and Table 3 supplementary material were calculated according to:
where C(spiked) is the concentration in the spiked matrix, C(blank) is the concentration in the non-spiked matrix and C(ref) is the theoretical added concentration. Recoveries closer to 100% were obtained for all the target compounds when EtOAc/ toluene (75/25 v/v) was used as extraction solvent. Precision was also found to be satisfactory (RSD< 10%), while a higher variability was noticed with EtOAc/hexane (50/ 50 v/v) (RSD up to 50%). Therefore, EtOAc/toluene (75/25 v/v) was chosen as the optimum solvent for this extraction procedure.
Method performances
Analytical performances of the optimised method are reported in Table 3. Linearity (R  2 ) was calculated in the range 0-500 ng/g in sample (equivalent to 0-1,000 µg/L in final extract). Limits of Detection (LOD) were calculated according to:
where σ is the standard deviation of the response and S is the slope of the calibration curve. Limits of Quantitation (LOQ) were calculated according to:
where σ is the standard deviation of the response and S is the slope of the calibration curve.
Recoveries were also determined, and precision was expressed as the relative standard deviation (RSD) of 3 replicates.
Coefficients of determination were higher than 0.998 for all compounds, demonstrating that the method is linear in the range assayed. Precision was below 10% for all Figure 4 . Mean recoveries and standard deviations (n = 3) obtained for a marine sediment spiked at 50 ng/g and extracted with two different solvents. Table 3 . Analytical performances of the QuEChERS procedure: linearity (R 2 coefficient of determination), detection limits (LOD, n = 5), quantification limits (LOQ, n = 5), recoveries (R%, n = 3) and precision (RSD, n = 3). compounds. Recoveries achieved for all target compounds in marine sediment ranged from 62% to 131%. Too high recoveries were obtained for some PAHs in the estuarine sediments, which could be explained by the fact that this sediment initially contained high concentrations of pollutants.
Conclusion
An innovative QuEChERS extraction followed by GC-MS analysis method was developed for the simultaneous quantification of 51 priority and emerging pollutants in sediment samples. Sample preparation is easy and fast, making it a perfect routine method for the evaluation of the environmental quality of aquatic ecosystems. MEs were calculated for estuarine and marine sediments and resulted in a higher signal suppression in the matrix with the highest organic matter content. Internal calibration can be used for quantification of estuarine and marine sediments for which recoveries ranged from 62% to 131% for all the compounds. Detection limits are estimated to range from 0.01 ng/g to 3.18 ng/g. This method was successfully applied to natural sediment samples. We also suggest that this method could be adapted in order to be applied to other matrices, such as biological tissues.
